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Abstract – The paper provides the results of a detailed 
experimental study on the variations of the 
characteristics of an interior permanent magnet 
synchronous motor, when load, speed and/or 
magnetization conditions vary. In particular, the 
characterization is carried out by assessing, for several 
working conditions, the motor parameters that 
influence its efficiency. From the knowledge of the 
variability of these parameters, it is possible to develop 
a dynamic model of the motor, which accurately 
describes its behaviour and allows estimating the 
power losses for whatever speed and load. In order to 
validate the model, the values of the power losses 
obtained by using the model are compared with the 
values measured with experimental tests. 
The study shows that it is possible to maximize the 
motor efficiency just acting on the direct axis current 
component and, therefore, it can be considered a first 
step towards the definition of a loss model algorithm 
for a control drive system able to minimize in real-time 
the power losses of the motor. 
 
Keywords – interior permanent magnet synchronous 
motors, power loss minimization, speed control drive 
systems. 
 I. INTRODUCTION 
 
The interior permanent magnet synchronous motors 
(IPMSMs) are more and more employed in several 
low/medium power industrial drive applications. Their 
wide spread is due to their better performances with 
respect to the traditional synchronous and asynchronous 
motors; in particular the IPMSMs have higher power 
factor, higher torque/weight ratio and higher power/current 
ratio. Furthermore, the increasing adoption of IPMSMs for 
several industrial applications over the last decades has 
been also supported by the achievement of innovative 
control algorithms. 
A relevant branch of these strategies is represented by the 
Loss Model Algorithms (LMAs), which consider the 
power losses minimization of the motor by choosing the 
appropriate level of magnetization in order to maximize its 
efficiency for different working conditions. The most 
diffused losses minimization approaches presented in the 
literature [1-7] can be classified in two main categories: 
the Search Control (SC) and the Loss Model Control 
(LMC). 
The first strategy consists of a step-by-step change of a 
control variable and a real-time measurement of the active 
power of the motor. More in particular, for every change 
of the control variable, the active power of the motor is 
measured and compared with the value corresponding to 
the previous iterative step. This technique does not require 
either the knowledge of the model or the values of the 
machine parameters. However, the torque pulsation 
generated by the step-by-step change of the control 
variable can be a significant disadvantage for the SC 
technique. Some examples are reported in [8-11]. On the 
contrary, the LMC strategy is based on the development of 
mathematical and circuital models that estimate the energy 
losses during the operation of the motor. This technique 
acts on the control quantities as current or magnetization 
level of the machine in order to estimate the working point 
corresponding to the minimum value of the power losses 
for a specified working condition. This fast and simple 
strategy is not subjected to torque pulsation, even though 
it requires a very accurate model for the identification of 
the minimum power losses conditions. In [12], the authors 
adopt a LMA that operates in an iterative manner for the 
determination of the minimum power losses working 
condition. In [8] the value of the direct-axis current 
component (id) that minimizes the power losses is 
determined analytically. In particular, by adopting 
polynomial equations, the id component is determined as 
function of the quadrature-axis current component (iq) and 
some coefficients that are related with the angular speed of 
the motor. The work reported in [13] describes a loss 
model control algorithm, which uses an id value derived 
from experimental measurements of the power losses of 
the motor. In [14] a LMA method, that combines the SC 
and the LMC approaches, is described. The work 
described in [15] considers also the power losses related to 
the converter that drives the motor and develops a 
comparison between the different typologies of LMAs. 
In this context, the non-linear phenomena involved during 
the working operation of the machine, such as the 
magnetic saturation and the thermal aspects, should be 
taken into account for an even more accurate identification 
of the minimum power losses condition. In [16] and [17], 
it is experimentally demonstrated that both the direct-axis 
and quadrature-axis inductances are function of the id and 
iq currents, respectively. Reference [18] considers the 
variation of the iron losses as function of the electrical 
pulsation. However, among the previously described 
scenario, most of the algorithms discussed in literature do 
not take into account all of the possible variations of the 
parameters of the IPMSM model [19] and a complete 
experimental analysis that considers simultaneously all the 
parameter variations of the motor has not been described 
yet in the scientific literature.  
For this purpose, this paper presents an experimental 
characterization of an IPMSM finalized to build an 
accurate dynamic model of the motor, which allows 
estimating the power losses for whatever speed and load, 
taking into account also the variations of all the motor 
parameters that influence its efficiency. More in detail, the 
loss model algorithm presented in [12] (here named 
LMA1) is compared with its new version, here named 
LMA2. To perform the task, we carried out a series of 
experiments, measuring, for several working settings, the 
motor parameters that have an impact on its power losses. 
In a second stage, we directly measured the power losses 
varying load, speed and magnetization conditions. The 
comparison of the results of these measurements with the 
values of the power losses obtained by using the models 
was used to validate the proposed approach. 
 
 
 II. DESCRIPTION OF THE LOSS MINIMIZATION 
ALGORITHM 
The starting point of our study is a well-known IPMSM 
model presented in several literature studies as a “circuital 
approach” [20–24].  
The dynamic model is based on the hypothesis of linearity 
and isotropy of the magnetic material (stator and rotor 
iron), sinusoidal distribution of the magneto-motive force 
in the air gap and negligible eddy currents. 
 
Fig.1 Dynamic d-q axes equivalent circuits of a IPMSM 
By considering the two-axis theory of Park, the dynamic d 
and q axes equivalent circuits of the IPMSM can be drawn 
as shown in 
 
Fig.. The IPMSM mathematical dynamic model is: 
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where: 
 
 vd and vq are the direct and quadrature axes 
components of the stator phase voltages; 
 id  and iq  are the direct and quadrature axes 
components of the stator phase currents; 
 icd  and icq  are the direct and quadrature iron loss 
current components; 
 iod  and ioq  are the direct and quadrature torque 
current components; 
 p is the number of pole pairs; 
 θm is the rotor mechanical angular position; 
 ωm is the rotor mechanical angular speed; 
 ω is the electrical angular speed; 
 PM is the flux generated by the permanent 
magnets; 
 R is the resistance of the three-phase stator 
winding; 
 RC is the resistance that symbolizes the iron 
losses; 
 Ld and Lq are the direct and quadrature axes 
inductances; 
 Lld and Llq are the direct and quadrature-axes 
leakage inductances; 
 Lmd and Lmq are the direct and quadrature-axes 
magnetizing inductances; 
 Te is the electromagnetic torque; 
 Tm  is the load torque; 
 F is the coefficient of viscous friction; 
 J is the moment of inertia of the rotating parts. 
 
From these equations, it is possible to calculate the power 
losses Ptot, composed (for a IPMSM) by the sum of:  
 
 the losses in the stator and rotor iron (ΔPfe);  
 the joule losses in the stator winding (ΔPcu); 
 the mechanical losses for friction and ventilation 
(ΔPm); 
 the additional losses (ΔPadd). 
 
These losses can be divided in controllable and 
uncontrollable losses. The copper and iron losses, 
determined by the stator current and by the total linkage 
flux, respectively, are controllable. 
Contrariwise, the mechanical losses are uncontrollable 
since they depend only on the motor angular speed. In this 
framework, the additional losses (a very low percentage of 
the total losses) are neglected. 
In a steady-state-condition, it is possible to find 
mathematical expressions of the copper losses and iron 
losses by combining the equations (1), (2), (6), (7), (8) and 
(9).  
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Therefore, the total controllable losses are a function of 
ωm, iod, ioq, Ld, Lq, PM, R and RC. The last five elements 
are not adjustable parameters and, for a stated motor 
working condition (namely load and speed), neither ωm or 
ioq can be used to control the motor losses. Therefore, the 
motor efficiency can be controlled only by acting on the iod 
value, but, since for a stated motor working condition the 
icd value is constant, the power losses can be controlled by 
directly adjusting the direct-axis current id. 
In order to carry out an accurate estimation of the 
minimum losses point, it is necessary to take into account 
the variation of the motor parameters that influence its 
efficiency. In particular, the direct and quadrature axis 
inductances and the flux of the rotor magnets depend on 
the magnetic saturation, mainly in the motors with little 
air-gap and high magnetic flux [14, 17, 25]. The variation 
of these parameters is generated by the armature reaction 
and, therefore, its effect is bigger for high value of angular 
speed and load. 
As regards the armature resistance R, which depends on its 
temperature, it is possible to neglect its variability, if we 
consider the stator in a thermal steady state. 
We took into account also the variability of the resistance 
RC, which depends on the rotor speed.  
 III. TEST BENCH 
In order to achieve the goals described in the previous 
sections, an experimental test bench has been set up. A 
schematic representation of the proposed test bench is 
shown in Errore. L'origine riferimento non è stata 
trovata.. 
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Fig. 2 Schematic representation of the test bench 
More in detail, the bench (see Fig. 3) is composed of:  
 
 a three-phase, six-pole brushless machine (Magnetic 
S.r.l., type BLQ-40), with SmCo permanent magnets 
(HITACHI Inc., type H-18B, with maximum specific 
energy equal to 143 kJ/m3 ) (Errore. L'origine 
riferimento non è stata trovata.). The stator winding 
is a three-phase, double-layer, shortened pitch, located 
into 27 slots. Table 1 reports the main rated values and 
parameters of the machine under test; 
 a DPS 30 A power converter (Automotion Inc.), 
directly connected to the electrical grid; 
 a dSPACE® rapid prototyping control board, in order 
to drive the IGBT bridge of the converter. 
Furthermore, two current sensors are integrated into 
the electronic power converter module and their 
output signals are sent to the dSPACE® board; 
 a HD-715 hysteresis brake (Magtrol Inc.), which 
allows to perform experimental tests at different load 
conditions  
 a DSP6001 high-speed programmable dynamometer 
controller (Magtrol Inc.), used to drive the brake; 
 a PZ 4000 three-phase power analyzer (Yokogawa 
Inc), used to measure the electrical quantities in the 
various working conditions of the motor; 
 an ARTUS resolver (type 26SM19 U452), which is 
connected to the motor shaft in order to measure the 
motor speed; 
 a variable auto-transformer (Variac Inc.), used for the 
measurement of the stator winding parameters; 
 a PC with the dSPACE®-based electrical drive user 
interface, which allows to perform the real-time 
control and the supervision of the main electrical and 
mechanical quantities of the proposed system. 
 
Table 1.  Rated values and parameters of the IPMSM under test 
Voltage 132 V 
Current 3.6 A 
Speed 4000 rpm 
Torque 1.8 N·m 
Number of pole pairs 3 
Average stator resistance R 2.21 Ω 
Direct-axis inductance Ld 7.50 mH 
Quadrature-axis inductance Lq 11.00 mH 
PMs flux ΨPM 0.084 Wb 
Coefficient of viscous friction F 0.001 N·m·s 
Inertia moment J 0.001 kg·m2 
 
Fig. 3 The test bench 
 
Fig. 4 The IPMSM under test 
 IV. MESAUREMENT OF THE MOTOR 
PARAMETERS 
 
The direct and quadrature axis inductances were evaluated 
by means of blocked rotor tests. We measured the Ld for 
various id values, blocking the rotor at the 0° position, and 
the Lq for various iq values, blocking the rotor at the 90° 
electrical position. Fig.  shows how the stator windings are 
connected to the measurement system. 
 
Fig. 5 Schematic for the measurement of Ld and Lq 
The L values were calculated starting from the measured 
values of Z and R as:  
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2
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                                                  (13) 
 
In Fig.  and in Fig. , the direct and quadrature axis 
inductances, as functions of id and iq respectively, are 
reported. The expanded uncertainty (k = 2) of the 
inductance measurements is 1.4 % [28]. It is possible to 
notice that the maximum Ld value is 33 % higher than the 
minimum Ld value and that the maximum Lq value is 12 % 
higher than the minimum Lq value. 
 
 
Fig. 6 Direct axis inductance as a function of id 
 
Fig. 7 Quadrature axis inductance as a function of iq 
In order to evaluate the magnetic flux variability, we 
performed other blocked rotor tests, fixing the rotor 
position at the 90° electrical position and, therefore, setting 
id = 0. The torque Tm was measured by means of the 
dynamometer for various iq values. Starting from    Eq. (5), 
the flux value is given by: 
 
𝜓𝑝𝑚 =
2
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The Fig.  reports the magnetic flux trend versus iq. The 
expanded uncertainty (k = 2) of the flux measurements is 
2 %. In this case, the maximum PM value is 3.5 % higher 
than the minimum PM value. 
 
 
Fig. 8 Magnetic flux as a function of iq 
The assessment of the resistance RC representing the iron 
losses was carried out by means of no-load tests, for 
various motor speeds. In these conditions, the motor power 
consumption Pin is: 
 
𝑃𝑖𝑛 = 𝛥𝑃𝑓𝑒 + 𝛥𝑃𝑐𝑢 + 𝛥𝑃𝑚                                            (15) 
 
ΔPcu are calculated as 3RI where I is the current of each 
stator winding; ΔPm are evaluated by means of a 
deceleration test. Therefore, by measuring the motor input 
electric power and rearranging the Eq. (15), it is possible 
to calculate the iron losses for various motor speeds. The 
values of the resistance RC representing the iron losses 
were obtained from Eq. (16): 
 
𝑅𝐶 =
𝑉2
𝛥𝑃𝑓𝑒
                                                                    (16) 
 
The Fig.  shows the RC trend as a function of the rotor 
speed ωm. 
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 Fig. 9 RC as a function of the rotor speed 
Considering the variability of these four parameters and by 
means of the dynamic model of the motor, it is possible to 
evaluate the power losses for whatever speed and load. 
 V. TESTS FOR THE DIRECT MEASUREMENT OF 
THE MOTOR LOSSES 
 
With the same test bench described in Section III, several 
experimental tests were carried out in order to determine 
the value of the direct-axis current component 
corresponding to the minimum value of power losses for 
different working conditions and to validate the proposed 
approach. More in detail, the motor was driven with a 
reference speed ranging from 500 to 4000 rpm, with steps 
of 500 rpm, obtaining eight different speed tests. In 
addition, for each speed, a variable load was applied to the 
motor, from 0 % (no load condition) to 100 % (full load 
condition) with steps of 25 %, obtaining 40 overall 
working conditions with defined speed and load. 
Moreover, for each working conditions, a specified 
IPMSM magnetization level was set by acting on the value 
of the direct-axis current of the control system. In 
particular, the id value was varied from -2.4 A to +2.4 A 
with steps of 0.2 A. Therefore, for each working 
conditions, 25 different magnetization conditions were 
achieved. All things considered, we assessed the minimum 
losses point for 1000 different overall working conditions 
[26-27], measuring the power losses as difference between 
the electrical input power and the mechanical output power 
[21-22]. The expanded uncertainty (k = 2) of the ΔPtot 
measurements is 2 W. 
In order to justify the hypothesis of a thermal steady state 
and guarantee a roughly constant stator winding 
temperature, all the ΔPtot measurements were carried out 
in the following way. We let the motor work at the full 
speed and load until its external temperature reached the 
thermal equilibrium (65.0 °C). Then, after selecting the 
various speeds and loads, we carried out the measurements 
in 2 minutes, before the motor temperature drops below 
64.0 °C. 
For instance, the ΔPtot characteristics as a function of id at 
no load conditions at 500 rpm are reported in Fig. . As it is 
possible to notice, the minimum value of power losses is 
obtained for a negative value of the id current. By changing 
the applied load, the minimum value of ΔPtot slides through 
higher negative values of the direct-axis current.  
 
 
Fig. 10 Losses vs id for various load conditions at 500 rpm 
Fig.  shows the ΔPtot vs id characteristics parametrized as 
function of the reference speed at no load. As expected, the 
minimum values of power losses are obtained for negative 
values of id. In addition, by increasing the applied load, the 
related peaks are detected for higher negative values of id. 
In any case, for each operating condition of the motor, it is 
always possible to determine a specified id value that 
maximizes the IPMSM efficiency without decreasing the 
dynamic performances of the drive. 
 
 
Fig. 11 Losses vs id for different speed conditions at no load 
In order to validate the proposed LMAs, the experimental 
results obtained from the previous tests were compared 
with those achieved with the two loss model algorithms. 
As examples, Fig.  and Fig.  show this comparison at no 
load and for a reference speed respectively equal to 
1500 and 3000 rpm, respectively. It can be noticed that the 
algorithm that takes into account the parameter variations 
is more accurate in terms of power losses estimation. 
 
 Fig. 12 Comparison between the losses evaluated with the 
model and the measured losses (1500 rpm; no-load) 
 
Fig. 13 Comparison between the losses evaluated with the 
model and the measured losses (3000 rpm; no-load) 
Similar results are obtained when a load is applied, as 
shown in Fig. 1, which reports the comparison between the 
estimated losses and the measured ones at 1500 rpm and 
for an applied load equal to 25 %. As well as for the 
previous case, the detection of ΔPtot is more accurate for 
the LMA2. As could be expected, the differences between 
the two models increase, as the motor speed and/or load 
increase. 
 
Fig. 1 Comparison between the losses evaluated with the model 
and the measured losses (3000 rpm; 25 % load) 
In all considered cases, taking into account the variability 
of the motor parameters leads to a more accurate 
assessment of the motor losses rather than using a model 
with constant parameters. These results validate both the 
proposed model and the accuracy on the measurement of 
the parameters. 
For the specific motor under test, the advantage of the 
LMA2 usage for the estimation of the minimum losses 
point is only in terms of ΔPtot, while in terms of id values 
(for which the condition of minimum power losses is 
obtained) the LMA1 practically detects the same values. 
Moreover, since around the minimum losses point the 
derivative of ΔPtot is quite small, even a not accurate 
assessment of the minimum losses point abscissa allows a 
good optimization of the motor efficiency. 
Even if, in this contest, we considered the motor in a 
thermal steady state and, therefore, we did not take into 
account the variability of the armature resistance R, it is 
obvious that this condition can seldom be considered true, 
mainly when load and/or speed of the motor change 
continuously. In order to take into account also the 
variability of the armature resistance, it would be 
necessary to measure the stator internal temperature 
making the control system more expensive. However, also 
in this case, considering the variability of the R is again an 
advantage only in terms of ΔPtot and not in terms of id. 
Therefore, it can be stated that considering the variability 
of the motor parameters is worthwhile only when it is 
necessary to measure the power losses, whereas it is not so 
significant to find the magnetization condition that 
guarantees the minimum power losses. 
In order to verify how the model is sensitive to the values 
of the aforementioned parameters, we carried out a one-
factor-at-a-time sensitivity analysis. The results of this 
investigation show that the model is practically insensitive 
to the variation of Ld, Lq and RC, whereas it is very sensitive 
to the variation of PM and R. Therefore, to achieve an 
accurate estimate of the losses, it is necessary an accurate 
measurement of the flux generated by the magnets and of 
the armature resistance. On the contrary, the values of the 
other parameters can be assessed in an approximated way, 
without jeopardizing the estimate of the motor losses. 
 VI. CONCLUSIONS 
 
In the scientific literature, various authors presented 
different control strategies aimed to increase the efficiency 
of the interior permanent magnet synchronous motors. 
These strategies, starting from a well-known mathematical 
model of the dynamic behaviour of the motor, are able to 
reduce the power losses acting on the magnetizing 
component of the stator current. 
However, the proposed approaches do not take into 
account that, varying the working conditions of the motor, 
also the values of the parameters, which have an impact on 
the power losses, can vary. 
In this paper, therefore, starting from an accurate 
measurement of the motor characteristics for various 
values of speed and load, we presented a new control 
strategy, which, by taking into account the variability of 
the motor parameters, allows to sharp the dynamic model 
and to obtain a more accurate estimate of the power losses 
of the motor. 
The validity of the model was verified by comparing the 
power loss estimates with the loss values obtained from 
experimental tests, directly measuring the power losses as 
difference between the electrical input power and the 
mechanical output power. The results of the study 
demonstrate that the proposed loss model algorithm allows 
a more accurate detection of the minimum losses point. 
However, for the particular tested motor, the accuracy 
improvement is only in terms of Ptot and not in terms of 
id values. Therefore, measuring and taking into account the 
variability of the motor parameters is meaningful only to 
measure the power losses, but it is not useful to find the id 
value that, for a stated working condition of the motor, 
assures the maximum motor efficiency. 
Because of its high flexibility, the proposed approach is 
applicable to several typologies of brushless motors and 
their related applications. 
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